ABSTRACT Interactions of a biopesticidal formulation of steam distilled shoot extract of Mexican marigold, Tagetes minuta, and entomopathogenic fungi were evaluated for management of the sugarbeet root maggot, Tetanops myopaeformis (Rö der). Shoot extract plus surfactant (E-Z Mulse) (ϭT. minuta oil) was used in a 65:35 ratio to test the hypothesis that this fungicidal and nematocidal biopesticide causes dose-dependent mortality and developmental arrest of T. myopaeformis but does not interfere with the action of entomopathogenic fungi when applied together. A soil-petri dish bioassay system was developed to test the hypothesis. For diapausing, nonfeeding but active 12-mo-old third-instar larvae, 0.5% T. minuta oil treatment (ϭ0.325% active ingredient [AI]) was sufÞcient to prevent pupation without mortality, but 0.75% T. minuta oil treatment (ϭ0.458% AI) was lethal for 93% of the test insects. The effect of T. minuta oil on fungal efÞcacy under simultaneous use was studied using a model system of two entomopathogenic fungi, Beauveria bassiana (Bals.) Vuillemin. TM28 and Metarhizium anisopliae variety anisopliae (Metsch.) Sorokin MA 1200, in a soil-based bioassay with larval sugarbeet root maggots. No adverse effects of T. minuta oil on action of entomopathogenic fungi and no synergy were found; an additive effect of the T. minuta oil and each fungal isolate separately was found.
In many crop systems, insect pests, disease-causing fungi, and parasitic nematodes often occur together, causing opportunity for establishment of still other pest species. Pesticides available to reduce individual populations of these pests are currently scheduled by the U.S. EPA for reduction of use and/or elimination (Fenske 1999; USEPA 1999 USEPA , 2001 ). Field and laboratory research is being conducted to develop Montanaproduced botanical extracts, mulches, and entomopathogenic fungi that manage these pest systems without using conventional pesticides (S. T.J. et al., unpublished data; F.V.D. et al., unpublished data) . In Montana, sugar beets represent an annual value of $62 million (Mikkelson and Petroff 2003) . Sugar beets are being used as a model system to test this management package with botanicals and microbes for two reasons. First, sugar beets are a high-value crop in a market where a rapidly increasing number of consumers are demanding growers provide certiÞed organic products. CertiÞed organic beet sugar is not currently produced in the United States; demand for organic sugar is Þlled by cane sugar producers. Organic beet sugar could be produced at the same handling facility where nonorganic sugar is processed by proper cleaning of all storage, transport, and production units prior to the processing of the organic sugar, including running a buffer or purged batch, which is not used or sold as organic. Records must be maintained of all cleaning, purging, and production activities (J. Riddle, personal communication). Second, throughout much of their range, sugar beets are plagued with a combination of nematode, fungi, and root insect pest problems.
In the Red River Valley (MN/ND), Great Plains (NE/CO/MT/WY), and Northwest growing regions (ID/OR/WA), the sugarbeet root maggot, Tetanops myopaeformis (Rö der), is the most signiÞcant pest of sugar beets (Yun 1986) . During the 1998 Ð1999 crop season, 49 Ð52% of U.S. acreage was affected (Mikkelson and Petroff 2003) . Moderate damage (3 on a scale of 0 Ð5) (Blickenstaff and Peckenpaugh 1977) has been shown to cause 23% yield reduction (Campbell et al. 1998) . Without treatment, yield losses in the Red River Valley can average 40% (Campbell et al. 1998) . In 2000, the latest year for which nationwide sugarbeet data are available, 53% of national sugarbeet acreage, or 322,972 ha, was treated with terbufos or chlorpyrifos for this insect and wireworms (USDA NASS 2008) . North Dakota and Montana alone applied 407,000 lb organophosphates and carbamates in 2000 to sugarbeet Þelds for use against T. myopaeformis (USDA NASS 2008). In 2007, sugarbeet farmers, responding to surveys in North Dakota and Minnesota, reported application of organophosphates and carbamates to 67,600 acres, mainly for T. myopaeformis control (Carlson et al. 2007a, b) .
Tetanops myopaeformis overwinters as a mature larvae deep below the soil surface. In spring, larvae move to the top 1.5Ð3.0 cm and pupate (Harper 1952 , Callenbach et al. 1957 , Dewar and Cooke 2006 . Adults emerge late May to mid-June. Adults oviposit for several weeks around the base of sugarbeet plants, which are typically planted in mid-May. One female can lay as many as 100 eggs each (Harper 1952 , Callenbach et al. 1957 , Hein and Johnson 2001 . Newly hatched larvae move downward to feed on the developing tap and lateral roots through July and August. Feeding damage can kill small plants, when larvae sever the tap root. The main damage is from yield loss via direct feeding damage, secondary rot, and reduced plant vigor (Bechinski et al. 1989 ). In early autumn, larvae stop feeding and move deeper into the soil (30 Ð 45 cm) to overwinter (Bechinski et al. 1989) .
Producers of organic vegetables and other crops in the United States cannot use synthetic pesticides and must rely on alternative methods for pest management. Mexican marigold, Tagetes minuta, has been evaluated as one alternative for these producers. It has been known for decades that marigolds (Tagetes spp.) suppress nematode populations (Miller and Ahrens 1969, Davide 1979 ) and plant parasitic fungi (Welty and Prestbye 1993, Zygadlo et al. 1994) , as well as fungal diseases of insects (Larran et al. 2001 ). The utility of T. minuta in root crop systems has been part of the traditional wisdom of African subsistence farmers for at least a quarter century (Rukira Commune farmers, Kibungo, Rwanda 1989; F.V.D., personal communication) .
Several insecticidal compounds have also been isolated from T. minuta (Maradufu et al. 1978 , Perich et al. 1995 , Philogene et al. 1985 , Wells et al. 1992 . Earlier studies indicated that the pure extract was most effective and, at least in one insect system (Coleoptera), fractionation tended to decrease toxicity (Weaver et al. 1997) . From previous studies with simultaneous steam distillation and extraction with methylene chloride, it is known that the shoot tissue contains primarily (47.5% by peak area) dihydrotagetone, with the second, third, and fourth most abundant compounds being limonene (9.6%), trans-tagetone (6.0%), and cis-tagetone (4.6%) (Weaver et al. 1994) . Others, using supercritical CO 2 extractions of T. minuta, found cis-ocimene (19.3%) and limonene (15.1%) to be the most abundant compounds by peak area (Daghero et al. 1999) .
Insect studies have been done primarily with Lepidoptera such as fall armyworm (Rao et al. 2000) ; anopheline (Basabose et al. 1997 ) and other mosquitoes (Perich et al. 1995 , Philogene et al. 1985 ; and stored product Coleoptera (Weaver et al. 1994 (Weaver et al. , 1997 Keita et al. 2000) . There is potential for activity against other Diptera, and other Coleoptera, such as, wireworms, but this has not yet been reported. Thus, this plant offers a multipurpose tool for managing plant pathogenic soil fungi, plant pathogenic soil nematodes, and other soil-dwelling pests. Delivery methods can include direct soil incorporation of T. minuta biomass (green manure), alternative cropping with T. minuta, or use of T. minuta oil as a botanical insecticide.
The entomopathogenic fungi, particularly Metarhizium anisopliae (Metsch.) Sorokin, have been under development in the Þeld testing stage for the biological control of T. myopaeformis in sugar beets (Campbell et al. 2000 , Majumdar et al. 2003 . Integration of T. minuta with entomopathogenic fungi as biocontrol agents against T. myopaeformis is also a possible but unreported approach. One problem with this alternative could be the adverse effect of the T. minuta oil on entomopathogenic fungi (Larran et al. 2001) .
Our research was conducted to answer fundamental questions regarding the use of T. minuta as one component in pest management packages for organic cropping systems. We tested the hypothesis that T. minuta essential oil causes dose-dependent mortality and developmental arrest of T. myopaeformis but does not interfere with the action of entomopathogenic fungi when applied together.
Materials and Methods
Insect Collection Site and Maintenance. Third-instar T. myopaeformis were harvested JulyÐAugust 2002 from sugar beets in untreated buffer rows of experimental plots in the Red River Valley at St. Thomas, ND. Larvae were surface decontaminated with 0.1% aqueous NaOCl for 30 s and rinsed in sterile de-ionized water. Larvae were stored in plastic storage containers until use without light in sterile, moist quartz sand at 3ЊC in the cool room in USDAÐARS (Sidney, MT) immediately after being brought in from the Þeld and 4Ð6ЊC in the cool room at Montana State University Plant Growth Center where larvae were stored for the several months before toxicological testing. This insect species has not yet been colonized, thus preventing a constant supply of test organisms. Diapausing larvae can be easily stored under refrigeration for as long as 2 yr after collection from the Þeld in late summer. Larvae do not feed and are mobile when rewarmed.
Fungi. Two fungi were used to evaluate the effects of T. minuta extract. Metarhizium anisopliae variety anisopliae (Sorok.) Vuill. MA1200 (ATCC 62176), isolated from a Heterodera glycine egg (Carris and Glawe 1989) , has been under study for the control of sugarbeet root maggot for the past several years (Jaronski et al. 2007) . Beauveria bassiana TM28 is the most infectious of 130 B. bassiana isolates isolated from sugarbeet Þelds near Sidney, MT, in 2000 (S.T.J., unpublished data). These two fungi were passaged through sugarbeet root maggots and reisolated before production; conidia used in these experiments represented the fourth in vitro passage from reisolation. Conidia were produced in a biphasic, liquid-solid substrate system (Bradley et al. 1992) . In brief, autoclaved pearlized barley was inoculated with fungal blastospores of each fungus produced in a liquid culture medium in shake ßasks incubated at 27ЊC. The inoculated solid substrate was incubated within sterile mushroom spawn bags for 10 d, after which the cultures were slowly dried over 7 d at 26Ð28ЊC. Conidia were harvested from the whole cultures by mechanical classiÞcation and stored at 4 Ð7ЊC until use.
Plant Extraction. T. minuta used in this study was an extract produced from shoots (leaves and stems) of T. minuta in a commercial scale steam distillation process in India and obtained from Northwest Agricultural Products, Pasco, WA. This extract was not miscible with water. When used, the T. minuta extract was combined wt:wt with an organic surfactant, E-Z Mulse (Florida Chemical, Winterhaven, FL) at a concentration of 35% (wt:wt) emulsiÞer and 65% pure T. minuta extract. T. minuta extract with surfactant (henceforth referred to as T. minuta oil) and surfactant alone were stored in the dark at room temperature.
Gas Chromatography and Mass Spectrometry Analysis. Because more than one potentially active compound has been reported in T. minuta, a chemical analysis of which compounds were actually present in this commercial extract of T. minuta was essential for interpreting the results. We chose to analyze the extract of T. minuta with gas chromatographyÐmass spectrometry (GC-MS). GC-MS analyses of the extract were performed on a VG 70E-HF double focusing mass spectrometer. The ion source was operated at 200ЊC with an electron current of 100 A and the ion acceleration potential at 6,000 V. Mass spectra were recorded at a resolution of 1,200 and scanning exponentially down over a mass range of 35Ð 450 amu at a scan rate of 0.5 s per mass decade. The HewlettÐ Packard 5890 Series II Plus gas chromatograph (Houston, TX) was operated in the splitless mode. It was equipped with a 30-m DB-5 capillary column with 0.25 mm ID and a 0.25-m Þlm thickness. Ultrahigh purity helium was used as the carrier gas after having been passed through a water trap, molecular sieve traps, and two oxygen traps (Alltech, DeerÞeld, IL). The column head pressure was ramped with the oven temperature to maintain near constant and reproducible ßow through the column. Initial GC oven temperature and hold time were 30ЊC and 2 min, respectively. The temperature was increased 5ЊC per min to 200 C Þnal hold for 5 min. Data were acquired for the Þrst 30 min of the analytical separation. Injection port temperature was 260ЊC, and GC-MS interface temperature was 280ЊC. The injection volume was 1.0 l via a Hamilton 10-l gas tight syringe. The GC-MS was controlled by a VG data system using a DEC computer, a VG SIOS interface, and VG software. Compound identiÞcation was made by spectral interpretation, high-resolution mass analysis, library searches with the National Institute of Science and Technology (NIST) database, and comparison to known authentic materials.
Soil. Bozeman silty loam, steam pasteurized, sieved through ASTM #6 mesh aperture ϭ 0.76 mm (water holding capacity ϭ 0.91 Ϯ 0.02 ml H 2 O per g dry soil) was used for direct mortality and development studies. Nonsterile savage silty clay, obtained from the Eastern Agricultural Research Center, Sidney, MT (water holding capacity ϭ 0.67 Ϯ 0.04 ml H 2 O/g dry soil), was used in fungus-T. minuta oil interaction studies.
Soil Water Holding Capacity/Field Saturation. To determine appropriate and reportable moisture levels to be used in our experiments, water holding capacity (WHC) at Þeld saturation (FS) was determined using standard methods (Colman 1947) . This procedure was performed six times and results were averaged. To determine any possible effects of the commercial emulsiÞer solution on the WHC of soil, the above procedure was repeated, using a 1.0% E-Z Mulse solution.
Soil-Oil Mortality Bioassay. Twenty grams dry Bozeman silty loam, double sifted, was weighed and, with a chemically clean mini-spatula, packed into a chemically clean (twice rinsed with acetone and baked at 50ЊC for 1 h) glass petri dish (6 cm ID; 1 cm height). There were eight treatments: deionized water control; emulsiÞer control; and T. minuta oil plus emulsiÞer at "treatment concentrations" of 0.5, 1.0, 1.5, 2.5, 6.25, and 12.5% in deionized water. These treatment concentrations correspond to 0.325, 0.65, 0.975, 1.625, 4.063, and 8.125% active ingredients (AI). In this bioassay series, the T. minuta extract portion of the T. minuta oil (extract combined with surfactant) is calculated as 100% active ingredients. Six milliliters of each solution was worked into the soil. Thus, a 0.5% treatment solution means that 0.03 ml T. minuta oil (which includes the emulsiÞer) is being applied to 20 g soil or 0.0015 ml T. minuta oil per gram dry soil. The treatment of 0.03 T.minuta oil means 0.0195 ml T. minuta AI is being added to the soil in the petri dish, which corresponds with 0.000975 ml T. minuta AI per gram dry soil. Five T. myopaeformis larvae (mean length, 8 mm) were added to each petri dish. Inoculated soil petri dishes were incubated at 27 Ϯ 1ЊC, 39 Ϯ 6% RH, at a photoperiod of 12:12 h (L:D). Visible larvae were observed 15 and 60 min. after inoculation (without disturbing soil). Each treatment had six replicates, one dish per replicate, and the entire experiment was repeated twice. Beginning 24 h after inoculation, all larvae were examined every 24 h to determine whether they were dead (absolutely no movement; turgid but no peristaltic movements inside), moribund (near dead), or alive and exhibiting normal ambulatory behavior (movement of head, waving back and forth; peristaltic type movement and ability to burrow into soil). Care was taken to examine the soil to determine whether larvae were above or below the soil surface. Burrowing behavior was speciÞcally noted for each larva. Five hundred microliters of deionized water was added to each petri dish after each observation. The dishes were returned to the incubator immediately after observations for 264 h. Developmental Arrest Bioassay. The same environmental conditions and bioassay containers as in the mortality assay were used for developmental arrest assays. Because of what we learned from the mortality assay, we dropped to three replications and larvae were observed at 1 h, 24 h, 48 h, 72 h and every following 72 h intervals for 30 d. We also were able to Þne-tune the choice of treatment concentrations to 0.05, 0.10, 0.5, and 0.75% T. minuta oil (ϭT. minuta extract with emulsiÞer in 65:35 ration) which corresponds to 0.033, 0.065, 0.325, and 0.488% A.I. This treatment choice allowed us to observe the transition from mortality effect to developmental arrest effect that we hypothesized existed. Larvae in the Þrst full scale bioassay were obtained from the Þeld August 2002. Larvae in the second full scale bioassay were obtained from the Þeld August 2003.
Fungus-T. minuta Oil Bioassay. Our purpose with the fungus-oil bioassay was to determine whether the T. minuta oil would affect the efÞcacy of simultaneous use of either entomopathogenic fungus. The following treatments were bioassayed with larval T. myopaeformis: an untreated control; MA1200 conidia only; TM28 conidia only; T. minuta oil only; MA1200 ϩ T. minuta oil; and TM28 ϩ T. minuta oil. The bioassay was designed as a complete randomized block with three replicates of 10 third-instar T. myopaeformis larvae in 20 g of treated soil in a lidded, 74-ml plastic condiment cup (Solo Products, Lake Forest, IL). Conidial suspensions of the two fungi were prepared in 0.1% polyoxyethylene sorbitan monooleate (Tween 80; Sigma Chemical, St. Louis, MO), were quantiÞed by hemocytometer count. Conidial viability was checked before use by plating dilute aqueous conidial suspensions on potato dextrose agar, and determining percent germination after 18 h of incubation at 27ЊC. Viability was 95% for both MA1200 and TM28. The suspensions were further diluted with reverse osmosis water to achieve 6.6 ϫ 10 6 (MA1200) or 2.66 ϫ 10 8 (TM28) viable conidia ml
Ϫ1
. The conidial stocks were further diluted 1:1 vol:vol with water or 1.2% aqueous emulsion of T. minuta oil. A parallel T. minuta-oil-only treatment was prepared by 1:1 dilution of 1.2% T. minuta oil with reverse osmosis water thus forming an aqueous emulsion. The actual concentration of T. minuta oil applied to the soil, therefore, was 0.6%. This concentration was chosen to mimic the lowest concentration that would prevent pupation (Table 2) without regard to mortality. Each preparation was then added drop-wise into air-dried Savage series clay soil at a total rate of addition to the soil of 3 ml per 20 g soil for each replicate cup and thoroughly mixed by hand. These methods were intended to achieve 5 ϫ 10 5 (MA1200) or 2 ϫ 10 7 (TM28) cfu (conidia) g Ϫ1 dry soil to moisture endpoint of 22.5% water holding capacity in the Sidney silty clay, making the treatment comparable to the moisture endpoint in the Bozeman soil used for the soil-T.minuta oil mortality bioassays and the developmental arrest bioassays. The conidial concentrations in soil were designed to achieve Ϸ50% efÞcacy by each fungus, based on earlier bioassays (S.T.J., unpublished data). The resulting soil moisture, as measured in composite, 1-g samples from each treatment with a WP4 moisture meter (Decagon Products, Pullman, WA), was observed to be 0.992Ð 0.994 A w .
Once the treated soils were made up in each cup, Þve T. myopaeformis larvae were added to each, and the cups were recapped and placed in an outer lightopaque, plastic box, and incubated at 21ЊC for 3 wk, at which time larval morality was determined. Any cadavers without visible sporulation by either fungus were gently washed in sterile water and placed at 100% RH for 4 Ð5 d to elicit the outgrowth and sporulation of any subpatent infections. The entire bioassay was repeated three times for MA1200 and twice for TM28. The TM28 assay was not repeated a third time because there was clearly very little infectivity of this isolate for T. myopaeformis in contrast to earlier bioassays (S.T.J., unpublished data). Statistical Analysis. All solution concentrations reported were before soil dilution. For bioassays at high concentrations of T. minuta oil (0.5Ð12.5% treatment concentrations; 0.325Ð 8.125% AI), LC 50 and LC 90 values with 95% CL were estimated using probit analysis (Finney 1971) . Data from the soil-oil mortality bioassays (Tables 3 and 4) were used for the probit analyses. The program EPA Probit Analysis Version 1.5 (USEPA 1994 ) was used for this purpose. Treatment effects were also measured in terms of Kaplan-Meier survivorship analysis using Statistix V. 8 (Analytical Software, Tallahassee, FL) to calculate median survival time. When the pupation inhibition was observed, these data at high concentrations (soil-oil mortality bioassays) and data obtained from the lower concentrations (0.05Ð 0.5% treatment concentrations; 0.033Ð 0.488% AI) were also subjected to the Kaplan-Meier survivorship analysis to calculate median time to pupation. The signiÞcance of any treatment differences was determined by use of the Gehan-Wilcoxon, log rank, and Peto-Wilcoxon tests using Statistix v. 8 (Analytical Software). Total cumulative mortalities in the fungus-T. minuta oil bioassays were used to determine the nature of interactions (synergism, additivity, inhibition), following the method of Nishimatsu and Jackson (1998) , which is based on a bionomial, nonparametric test and comparison of the expected and observed percentage mortality. Mortality data from the fungus-T.minuta oil bioassays were subjected to arcsine transformation before analysis (Zar 1999) and back-transformed for presentation of the data. The transformed mortality data were subjected to one-way analysis of variance (ANOVA), and any signiÞcant differences among means were identiÞed with Bonferroni test using Statistix v. 8 (Analytical Software). In addition, a priori orthogonal contrasts were made between each fungus, fungus-T. minuta oil, and T. minuta oil-only treatments. These treatments were chosen because we were attempting to determine whether the T. minuta oil treatment signiÞcantly inßuenced the effect of each fungal species. Because the untreated control mortality was very close to 0 (0.3%), only the fungus and T. minuta oil treat-ments were compared. Statistical analyses were performed using Statistix v. 8 (Analytical Software).
Results

Summary of Results for Maggot
Toxicity of Marigold Shoot Extract. T. minuta oil (extract plus emulsiÞer 65:35) caused mortality, inhibition of pupation, and a fumigant effect, depending on concentration of the T. minuta oil (Tables 1Ð 4) .
Soil-Oil Mortality Bioassay. Mortality at higher concentrations increased with increased time of exposure. LC 90 values decreased by near 50% (from 15,400 to 8,430 ppm) when exposure time was increased from 24 to 96 h (Table 1) . Similarly, the LC 50 values decreased by near 50% (from 10,600 to 5,550 ppm) when exposure time increased from 24 to 96 h (Table 1) .
There were highly signiÞcant differences in median survival times among the Tagetes-oil treatments regardless of statistical test used (Table 3) . Median survival time for larvae exposed to 1.5% treatment concentration (0.975% AI) was signiÞcantly greater than for those exposed to 2.5% treatment concentration (1.625% AI), regardless of statistical test used (P Ͻ 0.001 for all three tests). Similarly, median survival time for larvae exposed to 1.0% treatment concentration (0.65% AI) was signiÞcantly greater than for those exposed to 1.5% treatment concentration (Gehan Wilcoxon statistic Z ϭ 2.49, P ϭ 0.013, logrank L ϭ 2.94, P ϭ 0.003, Peto-Wilcoxon Z ϭ 2.78, P ϭ 0.006). Also, median survival time for larvae exposed to 0.5% (0.325% AI) was signiÞcantly greater than for those exposed to 1.0% treatment concentration regardless of statistical test used (P Ͻ 0.001). Differences between treatments 2.5 and 6.25% (4.063% AI) were also highly signiÞcant regardless of test used (P Ͻ 0.001). There were no signiÞcant differences between median survival time for larvae in soil treated with the water control and the water control with emulsiÞer used with the T.minuta oil.
At 12.5% treatment concentration (8.125% AI), 97% of the diapausing larvae were dead within 3 h (100% at 20 h) after exposure in treated soil (Table  4) . At 6.25% treatment concentration, 100% of the diapausing larvae were dead at 24 h after exposure in treated soil. At 2.5% treatment concentration, 100% of the diapausing larvae were dead at 48 h after exposure to treated soil. At 1.5% treatment concentration, mortality of diapausing larvae began 72 h after their exposure to treated soil. By 120 h, all larvae completing the assay were dead. At 1.0% treatment concentration, there was the Þrst indication that soil treatment with T. minuta oil might prevent pupation or adult emergence without maggot mortality. One of 23 larvae that completed the assay (and did not escape the petri dish) did not die. At 0.5% AI, 21 of 26 live insects present at the end of the assay (264 h) were still larvae, 1 of the 26 pupated, and 4 of the 26 died. In emulsiÞer-only treated soil, there was no mortality, but 7 of the 30 test insects pupated. With the water-only treated soil, there was one escapee, but no mortality. Seven of the 29 larvae completing the test pupated, and one of the pupae emerged as an adult (Table 4) . This test ended 264 h after inoculation.
Developmental Arrest Bioassay. For postdiapausing, nonfeeding, 12-mo-old third-instar larvae, 0.5% treatment concentration (0.325% AI) was sufÞcient to prevent pupation with only 26.7% mortality, but 0.75% treatment concentration(0.488% AI) caused 93% mortality (Table 2) . Adult eclosion was prevented at 0.05% treatment concentration (0.033% AI), although 35% of (Table 2) . Inert ingredients in the formulation of T. minuta oil, i.e., the emulsiÞer, did not increase mortality or change the percent pupation. Nonfeeding, third-instar larvae (that were collected 2 mo previously) experienced 7% mortality in the developmental delay assay treatment that used only deionized water added to the soil (Table 2) . Forty-three percent of the larvae pupated, and 25% completed adult eclosion. Addition of the emulsiÞer to the deionized water used to treat the soil in the developmental delay assay environment resulted in no additional mortality to the nonfeeding, third-instar larvae 2 mo after Þeld collection. Fortyseven percent of the larvae pupated, but only 8.3% completed adult eclosion (Table 2) . Kaplan-Meier product-limit survival distribution was used for data analysis. a Insects that had survived at the end of the observation period (in the mortality part of the assay) or had not pupated in pupation part of assay.
b Zeros indicate there was no pupation or eclosion in those treatments. c NA indicates there was Ͻ50% mortality (Ͼ50% survivorship) in those treatments so that an ST 50 could not be calculated. d Program output that it was unable to compute because of the nature of the data.
The assay of larvae that had been stored for 13 mo after Þeld collection continued for 1,440 h (60 d) with no adult emergence or pupal death at 0.50% treatment concentration (0.325% AI) and greater. At concentrations of 0.10% treatment concentration (0.65% AI) and lower, signiÞcant pupation occurred (27% at 0.10% treatment concentration; 33% at 0.05% treatment concentration; 43% emulsiÞer only; 44% water only), but there was no adult emergence when T. minuta oil was in the treatment. There was no change observed at 0.75% treatment concentration after day 8 or at 0.5% treatment concentration after day 26. No change was observed at 0.1% treatment concentration after day 11 and no change at 0.05% treatment concentration after day 17. Observable changes in the emulsiÞer-only treatment ended after day 10, and ended in the deionized water only treatment after day 37. There was no pupation in any treatments after day 12.
A dose-dependent, age-dependent fumigant knockdown effect (acute signs of paralysis, inability to burrow into the soil) was noticed in larvae exposed to T. minuta oil. In larvae tested 2 mo after Þeld collection, we observed a fumigant effect between 1 and 48 h. At 0.75% treatment concentration of T. minuta oil, there was a rapid immobilization of 73% of larvae 1 h after exposure, followed by recovery of all but 20% at 48 h. At the same treatment concentration (0.75%), larvae tested 13 mo after Þeld collection were 100% immobilized at 1 h and did not recover from the paralysis at 48 h. Larvae exposed to the same assay conditions, but with no T. minuta oil, did not appear slow-moving or moribund from 1 to 48 h after the assay was started.
Chemical Composition of T. minuta Shoot Extract. We identiÞed three of the Þve major compounds in the commercial T. minuta oil used in the bioassays. Ocimene and limonene were identiÞed through the NIST library search. Both were compounds of MW 136, and their correct structural formulae were available in the NIST library. Ocimene was the highest peak, followed by terthiophene and limonene, which were similar peak sizes. One compound, 2,2Ј,5Ј,2Ј terthiophene was veriÞed with an authentic standard. Minor peaks included caryophyllene, MW 204.
Soil WHC/FS. Mean WHC with the 1.0% emulsiÞer was 1.00 Ϯ 0.01 ml H 2 O/g dry Bozeman soil. This was 0.09 ml more than when using deionized water. Mean WHC of normal Bozeman soil was 0.91 Ϯ 0.01 ml H 2 O/g dry soil, whereas that of the savage silty clay was 0.67 Ϯ 0.2 ml H 2 O/g dry soil.
Fungus-T. minuta Oil Bioassays. There were significant differences among treatments (ANOVA 4,34 , F ϭ 11.63, P Ͻ 0.0001), but this signiÞcance was caused by the unexpected, very low efÞcacy of TM28 (Table 5) . When each fungus treatment was compared with its fungus-T. minuta oil counterpart and T. minuta oilonly (MA1200 versus MA1200 ϩ T .minuta oil versus T.minuta oil only; TM28 versus TM28 ϩ T.minuta oil versus T. minuta oil only), there were no signiÞcant differences for MA1200 (StudentÕs t statistic ϭ Ϫ1.19, P ϭ 0.24), but a signiÞcant treatment effect existed for TM28 (StudentÕs t statistic ϭ 3.63, P ϭ 0.0008; Table 5 ). Examination of the data, however, showed this latter difference to be caused by the low efÞcacy of TM28 rather than any additive effect of the T. minuta oil. Thus, the simultaneous use of T. minuta oil used at the lowest concentration that prevented pupation and either fungus did not result in any effect on insect mortality from fungus infection. Furthermore, results of the interaction test of Nishimatsu and Jackson (1998) indicated that the combination of MA 1200 and T. minuta oil had only an additive effect ( 2 ϭ 0.351, 1 df, P Ͼ 0.50). The TM28 and T.minuta oil combination was also only additive ( 2 ϭ 2.052, 1 df, P Ͼ 0.10).
Discussion
Tagetes minuta oil showed two modes of efÞcacy. Not only did higher concentrations of T. minuta oil cause larval mortality, but also at lower concentrations, pupation inhibition occurred. SpeciÞcally, higher treatment concentrations (0.75% and above) led to mortality, whereas lower treatment concentrations (0.5%) inhibited pupation of third-instar larvae. At even lower treatment concentrations (0.05%), some (35%) pupation occurred, but adult eclosion was entirely prevented.
The 100% developmental arrest/mortality characteristics of this biopesticide combination at low concentration levels could reduce the need for crop rotation systems in sugarbeet production. Pupation inhibition would result in a large decrease in adults in late May to mid-June, which would result in a reduction of viable larvae to feed on sugarbeet roots the same summer. More important, any reduction of adults in an area would lead to a reduction in oviposition and consequent larvae the next year. Because pupation occurs in mid-to late spring, T. minuta oil would likely be applied onto or tilled into the soil in the spring. Because sugar beets are planted in mid-May, this tilling and/or application could occur as soon as the ground thawed, thereby maximizing saturation time in the soil. Thus, the number of larvae would be minimized, and the interruption in planting or adverse effects on the sugar beets themselves would be minimized.
Tagetes minuta Oil Inhibited Pupation in T. myopaeformis. This action of T. minuta oil was not expected, even though mortality was expected because of previous nematocidal (Kumar 2000) and insecticidal (Weaver et al. 1994) results. The response in the speciÞc developmental arrest assay conducted after the soil mortality bioassay was completed was statistically signiÞcant. The behavioral response and the biochemical process are plausible. Limonene, one of four major compounds in T. minuta oil, when exposed in soil to moist air, oxidizes to carveol and carvone, biologically active terpenoids (Hartmans et al. 1995) . Epoxidation of the D-limonene is also likely to occur (Carey 1996 , Mandelli et al. 2002 , Brown and Poon 2005 , particularly in soil, catalyzed by soil fungi and soil bacteria (McGraw et al. 1999 , Patel 2000 , Mandelli et al. 2002 . Limonene can also epoxidize in biological tissues (both in a plant and after uptake in animals). Even a minute amount of limonene epoxide entering T. myopaeformis could act as a juvenile hormone analog. Insects are extremely sensitive to juvenile hormones. T. myopaeformis may have been responding to the epoxides formed from limonene in the T. minuta oil when it was mixed with the soil. These epoxides possibly included a mimic of juvenile hormone (JHIII), to which Diptera are particularly sensitive (Richard et al. 1989 , Yin et al. 1995 , Chapman 1998 . Insect juvenile hormones (JHI, JHII, and JHIII) also contain an epoxide moiety (Chapman 1998) similar to limonene epoxide. SpeciÞcally, limonene 1,2-epoxide is structurally analogous to juvenile hormone III found in Diptera. Also, limonene bis-epoxide (with two epoxide groups) has structural similarities with JHB3, the bis-epoxide form of JH III, found in Diptera, which may also have juvenile hormone properties (Richard et al. 1989 , Yin et al. 1995 .
We, therefore, hypothesize that pupation inhibition by T. minuta oil was caused by one of the oxidation products of its terpenes, D-limonene, speciÞcally 1,2-epoxide. Limonene is one of the most commonly found terpenes in the worldÕs plants, found in hundreds of species in dozens of families. In gas chromatography/mass spectroscopy studies of the T. minuta oil used in this study, we found limonene was the second most abundant component of the shoot extract portion of T.minuta oil. Assuming limonene epoxide is the active JH-mimic, it should be noted that limonene is only 10% of the total composition of T. minuta oil, 3.10 ϫ 10 3 ppm (0.05% treatment concentration), and thus 310 ppm limonene was actually sufÞcient to prevent pupation without mortality in this study. Furthermore, an estimated 10% or less of the limonene in air-exposed (and soil microorganism-mediated) shoot extract is actually in the active epoxide form, further reducing the necessary concentration of the pupation inhibitor to an estimated 30 ppm or lower. Such low concentrations of an active mimic analog in soil are not unreasonable, as hormone concentrations in larvae themselves are in this order of magnitude or less. In our studies, concentrations of 0.10% treatment concentration (611 ppm) did result in pupation. Applying the 100-fold decrease in proposed active component, the 0.10% treatment concentrations were equivalent to only 6 ppm of the putative JH-mimic, limonene epoxide. In these conditions, an estimated 10% of the limonene is actually in the active epoxide form. Further bioassays involving limonene and limonene epoxide could be conducted with T. myopaeformis, other root maggot species, and other Diptera.
Limonene or its epoxide may not be the most toxic component of the T. minuta oil at higher treatment concentrations. The oil also contains substantial amounts of tagetones (dihydro-, cis-, and trans-) and ocimene. In addition to these terpenes, sulfur-containing thiophenes, known insect growth regulators (IGRs) (Philogene et al. 1985) , are abundant in T. minuta extracts. Because fractionation of T. minuta oil decreases toxicity to insects, additive or synergistic action of several components in higher concentrations is most likely responsible for toxic effects of T. minuta oil on T. myopaeformis larvae.
The emulsiÞer alone, however, triggered pupation. The emulsiÞer may have had a pupation stimulating effect in all of the treatments and therefore would have attenuated the pupation inhibiting effect of the T. minuta portion of the T. minuta oil. Thus, T.minuta oil would be more effective without the emulsiÞer than we observed to be in these experiments when mixed with emulsiÞer. Poor soil penetration of T. minuta oil without emulsiÞer, however, may retard the effect of T. minuta extract. Our water holding capacity data suggest that presence of emulsiÞer may increase Þeld saturation of water ϩ emulsiÞer ϩ oil solutions in the Þeld. T. minuta extract and emulsiÞer when used together as in the T. minuta oil have a cancellation effect on each other with regard to pupation. No published records link emulsiÞers with pupation of any insect, and chemical composition of this emulsiÞer is proprietary.
Although T. minuta extracts are known to have antifungal properties (Hethelyi et al. 1986 ), the T. minuta oil used in this study did not show any adverse effects against growth or action of entomopathogenic fungi. Using the analytical method of Nishimatsu and Jackson (1998) , no synergism was observed between the T. minuta oil and either entomopathogenic fungi against third-instar T. myopaeformis larvae. No synergism was detected in any of the combination treatments. Although synergism would have been optimal, the fact that the T. minuta oil did not interfere with the action of the fungi is noteworthy and desirable.
In sugarbeet agroecosystems, there is a high use of pesticides for not only T. myopaeformis but also for wireworms. The useful toxicologic response observed in T. myopaeformis exposed to T. minuta extract may be similar to that of wireworms, but there are no published research results on this. Wireworm response to T. minuta oil needs to be examined. T. minuta has been shown to be an adulticide to other Coleoptera (Weaver et al. 1994 (Weaver et al. , 1997 , but no information has been reported on the response of larval Coleoptera such as wireworms to T. minuta. Entomopathogenic fungi, most notably M. anisopliae, have been isolated from the agriculturally important wireworm species (Kabaluk et al. 2005 , Ansari et al. 2009 ). There has been little success, however, in controlling Þeld populations of the insect using these fungi (Kabaluk et al. 2007) . If the rate reported by Kabaluk et al. (2007) was to be achieved by broadcast application with soil incorporation to a depth of 10 cm, the quantity of conidia required, 4 ϫ 10 15 conidia/ha, would be prohibitive based on current prices of U.S. commercial mycoinsecticides. Even concentrating the fungus treatment to a band over row would still be prohibitiveÑ 8 ϫ 10 14 if broadcast and incorporated at 5 cm or twice that at 10 cm. In contrast, 2 ϫ 10 13 conidia as BotaniGard ES cost $27 over the counter. Thus, entomopathogenic fungi are insufÞcient to control wireworms by themselves and need help such as could be provided by T. minuta oil.
Conclusions. Thus, a wide range of concentrations of T. minuta oil have adverse effects on T. myopaeformis viability. Low concentrations act as a pupation inhibitor, even lower concentrations act as adult eclosion inhibitors, whereas higher concentrations are fatal. One important next step in this research is to determine characteristics of the migration of T. minuta oil in soil. Because many sugar beets are grown in irrigated systems, the simplest application system of T. minuta oil to the soil is in a drip irrigation system. We accepted our initial hypothesis that T. minuta oil (which was a shoot extract plus emulsiÞer) causes dose-dependent mortality. We also accepted our hypothesis that we developed after the Þrst set of assays that T. minuta oil also causes developmental arrest in the sugarbeet root maggot. No deleterious effects against entomopathogenic fungi in their action against T. myopaeformis larvae were found with T. minuta oil. However, no synergism was found between the insecticidal effects of the fungi and the plant extract used together. The action of steam distilled T. minuta oil with spore suspensions of M. anisopliae is additive and now poised for use in sugarbeet production systems. This insect bioactive extract-entomopathogenic fungus combination should also be considered for other root crops where root maggots and nematodes interact with soil fungi to deteriorate crops.
